The mechanisms causing persistence of embryonal cells that later give rise to tumors is unknown. One tumorigenic factor in the embryonal childhood tumor neuroblastoma is the MYCN protooncogene. Here we show that normal mice developed neuroblast hyperplasia in paravertebral ganglia at birth that completely regressed by 2 weeks of age. In contrast, ganglia from MYCN transgenic (TH-MYCN) mice demonstrated a marked increase in neuroblast hyperplasia and MycN expression during week 1. Regression of neuroblast hyperplasia was then delayed and incomplete before neuroblastoma tumor formation at 6 and 13 weeks in homo-and hemizygote mice, respectively. Paravertebral neuronal cells cultured from perinatal TH-MYCN mice exhibited 3-to 10-fold resistance to nerve growth factor (NGF) withdrawal, compared with normal mice. Both low-and high-affinity NGF receptors were expressed in perinatal neuroblast hyperplasia but not in neuroblastoma tumor tissue. MYCN transgene amplification was present at low levels in perinatal neuroblast hyperplasia from both homoand hemizygote TH-MYCN mice. However, only in hemizygous mice did tumor formation correlate with a stepwise increase in the frequency of MYCN amplification. These data suggest that inappropriate perinatal MycN expression in paravertebral ganglia cells from TH-MYCN mice initiated tumorigenesis by altering the physiologic process of neural crest cell deletion. Persisting embryonal neural crest cells underwent further changes, such as MYCN amplification and repression of NGF receptor expression, during tumor progression. Our studies provide a model for studying perinatal factors influencing embryonal tumor initiation.
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neuroblastoma ͉ regression ͉ in vivo model C ell death in the developing central and peripheral nervous systems is necessary to control neuronal cell numbers and shape the nervous system to permit physiologic functioning. Embryonal neural cell deletion depends on the delicate interactions between neurons, neurotrophins, and their receptors (1) . Most postmitotic neurons, which have been induced to stimulate cell cycle progression or DNA replication, die by apoptosis (2, 3) . However, perinatal superior cervical ganglia (SCG) cells overexpressing the MycN oncoprotein reentered S phase and resisted cell death induced by nerve growth factor (NGF) withdrawal (3) . Thus, perturbation of neuronal cell death processes at some sites within the nervous system could lead to aberrant consequences, such as embryonal tumorigenesis.
Many malignant diseases of childhood arise in embryonal cell types that have persisted beyond birth by unknown mechanisms to later give rise to tumors in early childhood. Neuroblastoma is an embryonal tumor of paravertebral, autonomic nervous tissues and is uniquely characterized by a high incidence of spontaneous tumor regression (4, 5) . The factors that distinguish tumor regression from progression are unknown but may involve abnormal signaling through neurotrophins and their receptors, as suggested by analyses of primary human neuroblastoma tissue and cell lines (6) (7) (8) .
One important factor in the genesis of human neuroblastoma is the protooncogene, MYCN (9) . MYCN encodes a nuclear phosphoprotein member of the c-myc family of helix-loop-helix transcription factors and is selectively expressed in the migrating neural crest and developing kidney (10, 11) . Amplification of MYCN is found in the primary tumor cells from 25-30% of patients and is the most powerful prognostic factor in children affected by the disease (9) . Transgenic mice with MycN expression targeted to the neural crest (TH-MYCN mice) developed neuroblastoma with a phenotype very similar to the human disease (12) . However, we and others have failed to show a consistent association between high-level MycN expression and poor prognosis among the majority of patients whose tumor cells have only a single copy of MYCN (13, 14) . We report here that inappropriate MycN expression soon after birth in paravertebral ganglia caused neuroblast hyperplasia in TH-MYCN mice. Neuroblast hyperplasia was also evident in normal mice but underwent early regression. In contrast, regression of neuroblast hyperplasia in TH-MYCN mice was delayed and incomplete, and later tumor formation correlated with MYCN amplification and loss of NGF receptor expression. Our results elucidate mechanisms of embryonal tumor initiation.
Materials and Methods
TH-MYCN Mice. TH-MYCN mice carry in the germline the human MYCN cDNA under the control of the rat tyrosine hydroxylase promoter and are reported in ref. 12 . A total of 231 mice resulting from the cross-breeding of hemizygous TH-MYCN mice were used in a blinded, weekly, histologic audit of tumorprone paravertebral tissues over the developmental time period of 1 week before birth (embryonic day 14) through to 20 weeks of age. Paraffin-embedded tissue stained with hematoxylin͞ eosin were reviewed by light microscopy by two independent observers, and each section was scored for the presence of Ն30-cell neuroblast hyperplasia. Animals were genotyped according to the method described in ref. 15 , and the results were sorted according to genotype. The following antibodies were used in immunohistochemical expression studies: anti-TrkA rabbit polyclonal antibody (BD Biosciences) at 1:1,000 dilution; anti-tyrosine hydroxylase rabbit polyclonal antibody (Chemicon, Temecula, CA) at 1:150 dilution; anti-␤III-tubulin rabbit polyclonal antibody (Convance) at 1:1,000 dilution; MycN (Ab-1) mouse monoclonal antibody (Oncogene Research Products, Boston) at 1:20 dilution; and anti-p75 rabbit polyclonal antibody (Promega) at 1:500 dilution. Sections were incubated with a biotinylated anti-rabbit secondary antibody (DAKO), with the exception of the anti-MycN antibody, and tertiary staining was undertaken with peroxidase-conjugated streptavidin at a dilution of 1:500 (DAKO). The immune complex was visualized by using liquid 3,3-diaminobenzidine (DAB) as a chromagen. Appropriate isotype control antibodies were used (DAKO). MycN staining was performed by using the Tissue Tackle DAB mouse immunohistochemistry system according to the manufacturer's instructions (Merck). Sections were counterstained with hematoxylin. TUNEL staining was performed by using the in situ cell death detection kit POD (Roche) according to the manufacturer's instructions. Evaluation of immunohistochemical and TUNEL staining was performed, using a light microscope, by two independent observers blinded to the mouse genotype, and the intensity of staining was graded on a semiquantitative scale of 0-3ϩ.
Primary Ganglion Culture and Immunofluorescent Staining of Primary
Cultures. SCG and celiac ganglia (CG) were dissected from normal and TH-MYCN mice at birth and 1 and 2 weeks of age. Ganglia were placed in Hanks' balanced salt solution (Invitrogen) containing 1 mg͞ml collagenase (Sigma) at 4°C for 30 min and then dissociated by adding 0.05% trypsin at 37°C for 5-12 min. Samples were then washed twice, resuspended, and triturated in Neurobasal-A media (Invitrogen) supplemented with 0.5 mM L-glutamine, 25 M glutamic acid, penicillinstreptomycin (1% vol͞vol), and B27 (Invitrogen; 2% vol͞vol; complete media). Cells were counted by using standard trypan blue exclusion. Ganglion cells were cultured in complete Neurobasal-A media on poly-D-lysine and laminin-coated coverslips in 24-well plates in the presence of 10 g͞ml anti-NGF antibody (Chemicon) or isotype control (Cedarlane Laboratories) and NGF (50 ng͞ml; GroPep, Adelaide, Australia) for 48 h. Ganglion cells were then washed gently, and the medium was replaced by complete Neurobasal-A media and NGF (50 ng͞ml) for a further 7 days. The number of neurons surviving withdrawal of NGF was quantitated by using immunofluorescent staining for the neuron-specific marker ␤III-tubulin and expressed as the percentage of neurons positive for ␤III-tubulin remaining, after NGF withdrawal, compared with control.
Analysis of MYCN Gene Copy Number. Real-time PCR analysis of gene dosage was performed according to the method described in ref. 16 . Fluorescence in situ hybridization studies were carried out on touch preparations prepared from frozen tumors and brain tissue or on cytospin preparations from dissociated ganglia. The MYCN transgene plasmid (12) was used as a probe and labeled with digoxigenin-11-dUTP (Roche) by using a nick translation kit (Roche) according to the manufacturer's instructions. Secondary staining was performed with a sheep, antidigoxigenin-f luorescein, Fab fragment antibody (4 g͞ml; Roche) and enhanced with an Alexa Fluor 488 donkey antisheep, IgG antibody at 1:1,000 dilution (Molecular Probes). Cells were counterstained with DAPI. Dual-color fluorescence in situ hybridization was performed to determine mitotic cells by using a mouse autosome chromosome-specific probe (D13Mit35, ID Labs, London, ON, Canada), which was biotin-labeled and stained with Texas red avidin (ID Labs). Labeling of the MYCN transgene and probe was observed at ϫ1,000 in 200 cells counted in five fields for each tissue. Thus, for each tissue and at each time point, MYCN amplification was evaluated in a mean of 200 cells. Individual cells were scored as amplified if the number of labeled transgenes exceeded the expected for a given genotype.
RT-PCR. RNA was obtained from CG and SCG cells, before culture. RT-PCR was performed by standard methodology (17) with the following DNA primers: human MYCN, 5Ј-CGACCA-CAAGGCCCTCAGTA-3Ј (forward) and 5Ј-CAGCCTTGGT-GTTGGAGGAG-3Ј (reverse); mouse ␤-actin, 5Ј-GACGGC-CCAGTCATCACTAATG-3Ј (forward) and 5Ј-TGCCACA-GGATCCATACCC-3Ј (reverse). PCR products were separated by base pair size on gels by using standard gel electrophoresis.
Statistical Analysis. Results are expressed as mean values with 95% confidence intervals. For experiments involving two groups of mice, comparisons were made by using the two-tailed, unpaired Student t tests. For experiments involving three groups of mice, one-way ANOVA was performed, and when that analysis revealed a statistically significant difference between groups, pairwise differences between groups were determined with the use of Fisher's protected least significant difference correction. P Ͻ 0.05 and 0.01 were considered statistically significant. All data were analyzed with the use of STATVIEW 4.1 software (Abacus Concepts, Berkeley, CA). 
Results

Regression of Perinatal Neuroblast Hyperplasia Precedes Neuroblas-
toma Formation in TH-MYCN Mice. TH-MYCN mice developed large, paravertebral thoracic or abdominal tumors at a median of 6.5 (Ϯ0.27) weeks in 100% of homozygotes and by 13 (Ϯ2.67) weeks in 33% of hemizygotes (18) . These tumors were indistinguishable from human neuroblastoma tissue based on histologic, immunohistochemical, and cytogenetic studies (12) . To better define the process of tumor initiation and to investigate TH-MYCN mice for evidence of neuroblastoma tumor regression, we undertook a histologic audit of tumor-prone, paravertebral ganglia from TH-MYCN mice (n ϭ 158) and nontransgenic or normal littermates (n ϭ 73). We observed groups of 30-500 small, blue round cells in ganglia from TH-MYCN mice, from embryonic day 14 to postnatal week 6, which we have called neuroblast hyperplasia (Fig. 1A) . Unlike the surrounding neuronal cells, these cells did not express either tyrosine hydroxylase or ␤III-tubulin on immunohistochemical studies (Fig. 1B) . Hyperplasias were most often observed as single lesions within a ganglion and were observed most frequently in the CG complex (50.8%) and the SCG (26.7%). In the case of both homozygote and hemizygote mice, the frequency and size of the neuroblast hyperplasia rapidly increased from birth to 1 week of age, then gradually diminished in frequency (Fig. 1C) . At 6 weeks of age, hemizygote TH-MYCN mice had no evidence of neuroblast hyperplasia.
Surprisingly, nontransgenic littermates also demonstrated neuroblast hyperplasia in perinatal, paravertebral ganglia (Fig.  1 A) . Although the frequency of hyperplasias in normal mouse ganglia was equivalent to TH-MYCN ganglia at birth, these lesions were not evident beyond the age of 1 week in normal mice. Lesions from all ages of transgenic and normal mice were diffusely TUNEL-positive on immunohistochemical analysis, suggesting that neuroblast hyperplasias regressed by apoptosis ( Fig. 2A) . No difference was observed in the timing or proportion of neuroblasts undergoing apoptosis in normal or TH-MYCN mice (Fig. 2B) .
The Pattern of MycN Expression in Neuroblast Hyperplasia and Tumor
Tissue. We observed that MycN expression was highest in hyperplasias at week 1 of age, and in tumor tissue (Fig. 3A) . Early overexpression of the MycN protein coincided with the sudden increase of neuroblast hyperplasia in TH-MYCN mice at 1 week of age. During regression, MycN protein expression decreased to background levels (Fig. 3B) . The pattern of MycN expression was diffusely homogeneous in hyperplasias but markedly heterogeneous in tumor tissue. MycN expression was not evident in neuroblast hyperplasias from normal mice. We did not observe neuroblast hyperplasia in the adrenal medulla of TH-MYCN mice, despite a low level of MycN expression (Fig. 7 , which is published as supporting information on the PNAS web site).
Perinatal Primary Ganglion Cells from TH-MYCN Mice Are Resistant to
Death Stimuli. Neuroblast hyperplasia in ganglia from TH-MYCN mice underwent regression; however, this process was delayed and incomplete when compared with ganglia from normal mice. We hypothesized that ganglion cells from TH-MYCN mice would demonstrate resistance to death stimuli, such as withdrawal of NGF (3) . We established primary cultures of SCG and CG cells from normal and TH-MYCN mice. Viable cell counts taken after dissociation of SCG and CG, and before culture, reflected our in vivo observation that TH-MYCN ganglia demonstrated an increased cellularity, because of neuroblast hyperplasia at weeks 1 and 2 (Fig. 4A) . We next cultured ganglion cells for 2 days in the absence of NGF, followed by a further 7 days in the presence of NGF, and then compared neuronal cell viability between TH-MYCN and normal mice. Neuronal cell death occurred in primary ganglion cultures from normal mice after 2 days of NGF withdrawal, regardless of developmental age or anatomical location of the ganglia (Fig. 4B) . In contrast, we observed a significantly greater survival of SCG and CG neurons from homozygous TH-MYCN mice at 1 and 2 weeks after birth (Fig.  4B) . We used RT-PCR with human MYCN and mouse ␤-actin primers to confirm that the ganglion cells from TH-MYCN mice retained a high level of MycN expression (Fig. 4C) .
The Incidence of MYCN Transgene Amplification Increases During
Tumor Progression. MYCN gene amplification is a common feature of human neuroblastoma and correlates with aggressive clinical behavior. We used a TH-MYCN probe in fluorescence in situ hybridization analysis of cells from paravertebral ganglia and tumor tissue from TH-MYCN mice to examine whether the TH-MYCN transgene was amplified (Fig. 5 A and B) . We found that the TH-MYCN transgene was amplified to a maximum level of 5-fold (range 2-5) in perinatal neuroblast hyperplasia and tumor tissue. Using a chromosome-specific probe (data not shown) and metaphase preparations (Fig. 8 , which is published as supporting information on the PNAS web site), we confirmed that the increase in transgene copy number was not due to cell mitosis. Cell and tissue preparations were counterstained for ␤III-tubulin to determine whether transgene amplification was found in neuroblasts or neurons (Fig. 5B) . Neuroblast cells from homozygote mice demonstrated a 3-fold higher incidence of transgene amplification at 2 weeks of age in paravertebral ganglia tissue when compared with brain cells from homozygote mice. The incidence of transgene amplification in homozygote tissues did not change from neuroblast hyperplasia at 2 weeks of age to tumor formation at 6 weeks of age. In contrast, the incidence of transgene amplification steadily increased in hemizygote mouse tissues. Interestingly, in both homozygote and hemizygote tissues transgene amplification was occasionally observed in mature ganglion cells. TH-MYCN amplification was further evaluated by using real-time PCR analysis of MYCN gene dosage in tumor tissue (Fig. 5C ). This PCR-based assessment of transgene copy number confirmed that transgene amplification was more frequent in hemizygous tumors. We found no evidence of gene amplification involving the endogenous murine MYCN gene.
The Pattern of NGF Receptor Expression in Neuroblast Hyperplasias
and Neuroblastoma Tumors. Several lines of evidence have suggested that diminished expression levels of high-and low-affinity NGF receptors, TrkA and p75, may impair neurotrophin signaling and thus contribute to tumorigenesis in neuroblastoma cells (7, 8) . Immunohistochemical analysis of TrkA (Fig. 6 A and B) and p75 (Fig. 6 C and D) expression in perinatal ganglia, from birth to 4 weeks of age, revealed no significant differences in tissue comparisons between normal and TH-MYCN mice. Perinatal neuronal cells from normal or TH-MYCN mice expressed both TrkA and p75, whereas the proportion of neuroblasts expressing TrkA or p75 was much lower than that observed in neurons. However, expression of either TrkA or p75 was undetectable in neuroblastoma tumor tissues from TH-MYCN mice (Fig. 6 A and C) .
Discussion
We have shown that neuroblastoma tumor formation in TH-MYCN mice was preceded by neuroblast hyperplasia in the first were considered significant. (C) mRNA expression levels of the human MycN transgene. Data are presented as a ratio of the densitometric volume of the PCR product for MycN and the control gene, mouse ␤-actin. All experiments were performed on at least three independent occasions. Statistical significance was determined by comparing values for homozygous TH-MYCN mice with those for hemizygous TH-MYCN mice of 2 weeks of age; P Ͻ 0.05 ( * ) and 0.01 ( ** ) were considered significant.
weeks after birth, in tumor-prone paravertebral ganglia. These findings closely mirror descriptions of human neuroblast hyperplasia in the adrenal medulla of infants dying of other diseases, at a frequency which was many fold higher than the clinical incidence of neuroblastoma in early childhood (19) (20) (21) . Inappropriate MycN expression from the transgene in these cells caused resistance to cell death in vivo and in vitro. The role of TH-MYCN amplification in tumor progression appeared to be different for hemizygote and homozygote mice. Repressed neurotrophin receptor expression was a feature of tumor tissue but not of neuroblast hyperplasia. Taken together, our results suggest a potential mechanism for embryonal tumor initiation and point to distinct roles for MycN expression and amplification in TH-MYCN mice.
Our results indicate that neuroblast cell deletion was delayed and incomplete in TH-MYCN mice, as part of a complex tumorigenic process. The neuroblast regression factor appeared to be equally active and effective in both transgenic and normal mice, because the slope of the line describing the decrease in hyperplasia incidence was similar for both transgenic and normal mice. Our immunohistochemical assessment of TUNEL-positive cells showed that apoptosis was present equally in transgenic and normal perinatal ganglia. Our preliminary results suggest that the neuroblast regression factor was not a secreted product, because we were unable to show a difference in the response of transgenic and normal primary ganglia cells to NGF withdrawal, when cultured alternatively in the presence of conditioned media from normal or transgenic cells (data not shown). The nature of the factor inducing spontaneous neuroblast regression remains elusive but, when identified, offers great promise as a therapeutic in the disease. Previous studies aimed at identifying the regression factor have focused on changes in the expression of regulator and effector proteins of apoptosis, such as Bcl-2, Survivin, and Caspase-8 (22) (23) (24) .
Our data indicates that in our model, loss of NGF receptor expression occurs during tumor progression, rather than at tumor initiation. Resistance to NGF withdrawal in vitro is considered a reliable reflection of the apoptotic process, which shapes the perinatal neural crest in vivo (22) . During neurodevelopment, TrkA is dominant over p75 as a survival signal, whereas p75 can act as a survival or death signal, depending on the cellular context (25, 26) . Thus, perinatal MycN overexpression may have changed the balance between competing neurotrophin receptor signals in favor of survival in some neuroblasts. Careful dissection of each of the neurotrophin signaling pathways by using biochemical and genetic approaches will be required before the in vivo targets of MycN expression can be identified.
We have shown here that tumor progression in hemizygote TH-MYCN mice is associated with amplification of MYCN. This finding indicates selection of cells that have developed amplification of MYCN, ensuring a level of MycN expression above a threshold required for tumor progression. We know from our recent work using MYCN antisense oligonucleotides in the TH-MYCN model, and from the work of others, that inhibiting MycN expression directly in neuroblastoma cells alters the malignant phenotype but does not completely ablate tumor formation (18, 27, 28) . Our data suggest that, in this model, a high level of MycN expression in paravertebral ganglion cells may have played two distinct but complementary roles: (i) prevention of complete neuroblast deletion in the perinatal period, and (ii) a necessary but not sufficient role in tumor progression.
Unlike the human disease, neuroblastoma tumorigenesis in our model is initiated solely by the TH-MYCN transgene. Furthermore, we cannot rule out the possibility that other protooncogenes, such as c-myc or activated H-ras, when placed under the control of the tyrosine hydroxylase promoter, could give rise to a similar tumor phenotype (29) . Our failure to identify neuroblast hyperplasia in the adrenal medulla, despite a low level of MycN expression, highlights another difference between the model and the human disease. These differences may also reflect the promoter-specific influences on the timing and amplitude of MycN expression in some tumor-prone tissues in the model. Nonetheless, our results suggest the need for further studies of MycN expression or MycN-activated signaling pathways in human, perinatal, paravertebral ganglia. TH-MYCN mice also provide an important model system for further study of potential tumor promoter factors in the perinatal environment.
